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The coupled magnetic and charge-order transition observed in the manganites of the type
R12xM xMnO 3 near half filling (x.1/2) is shown to be the result of the interplay between the double-
exchange, superexchange, and the Coulomb interaction terms in an electronic Hamiltonian. At half filling and
temperature T50 we find, as we increase the strength of the extended-Hubbard repulsion, a first-order tran-
sition from a charge-nonordered ferromagnetic metal ~FN! to a charge-ordered antiferromagnetic and insulat-
ing ~AFO! ground state. The AFO-FN transition is also obtained by increasing T; however, a small degree of
charge order remains in the ferromagnetic phase. The charge-ordered state also ‘‘melts,’’ as observed, on the
application of a magnetic field, which causes a rapid drop in the transition temperature. Qualitative differences
in behavior between members of the manganite series can be understood in terms of small variations in the
interaction parameters. @S0163-1829~97!00930-2#The observation1 of colossal magnetoresistance ~CMR! in
manganites, which provide the classic examples of the
double-exchange magnetic coupling,2–4 has generated new
interest in their intriguing properties. These are compounds
of the form R12xM xMnO 3 (R 5 La, Nd, or Pr and M 5 Sr,
Ca, Ba, or Pb!, which were studied extensively in the
1950s.5–7 In addition to the CMR, other noteworthy proper-
ties include ~1! a close competition between ferromagnetic
phases, favored by the double-exchange mechanism, antifer-
romagnetic phases, favored by superexchange and correla-
tion effects, and a paramagnetic phase, which appears at high
temperatures T ,7–13 ~2! at half filling, x50.5, this charge
ordering can be thought of nominally as Mn 31 ions on one
sublattice and Mn 41 ions on the other, superimposed on any
magnetic ordering that might exist. For instance,
Nd 0.5Sr 0.5MnO 3 and La 0.5Ca 0.5MnO 3 are charge-ordered
antiferromagnets 7,11 ~AFO’s! with the ‘‘CE’’ crystal struc-
ture ~Fig. 1! at low T; on increasing T they go to a ferro-
magnetic phase via a first-order transition. The AFO phase is
insulating but the ferromagnetic phase is metallic. On further
increasing T , the ferromagnetic phase goes to an insulating
paramagnetic phase via a continuous transition. ~3! The
AFO-FN transition temperature TAF!F falls rapidly with in-
creasing magnetic field H , and ~4! at fixed T , the AFO phase
can be ‘‘melted’’ by the application of the magnetic field.
Theoretical studies of these manganites have concentrated
on the double-exchange mechanism,2–4 the effects of
electron-phonon interactions,14 spin-polaron and off-
diagonal localization effects,15 and on spiral,16 canted,4,17 or
spin and orbital18 orderings. The relative importance of the
various interactions on the physical properties of the manga-
nites is currently the subject of a lively debate.
In this paper, we show that the coupled magnetic and
charge-order transition observed in these materials, at or near
half filling, is described well by an electronic Hamiltonian
containing the Hubbard and the extended-Hubbard interac-
tions in addition to the double-exchange term. Our model
does not contain any explicit electron-phonon coupling, al-
though the static Jahn-Teller distortion is used to argue for
the simple one-band model we use.560163-1829/97/56~5!/2316~4!/$10.00The salient features of the electronic structures19,20 of the
manganites can be summarized as follows: The important
bands near the Fermi energy E f consist of Mn 3d states. In
LaMnO 3 the Mn atom is trivalent @ t2g(3)eg(1) majority-
spin configuration#, with the half-filling of the doubly degen-
erate eg band leading to a Jahn-Teller distortion, which, in
turn, splits off the eg band into a lower eg(1) band and an
upper eg(2) band leading to an insulator within the band
theory. In CaMnO 3 the Mn atom is tetravalent, with the
t2g(3) majority-spin configuration. The Ca dopant in
La 12xCa xMnO 3 therefore introduces holes into the eg(1)
band. This band being about 2 eV wide, the doped electrons
~holes! may be considered as itinerant, which interact via a
Hund’s-rule coupling with the localized t2g electrons S5 32,
leading to a double-exchange coupling that tends to align the
t2g spins ferromagnetically. It is this competition between
FIG. 1. The spin and charge configurations on the Mn sites in
the antiferromagnetic charge-ordered CE structure on the ab plane.
Such planes are stacked along the c direction with the spins re-
versed on the successive planes. Sites with charge deficits and ex-
cesses are indicated, respectively, by s and d .2316 © 1997 The American Physical Society
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between the localized spins, in addition to the Coulomb in-
teraction, that is responsible for the rich variety of phenom-
ena exhibited by these manganites, as we shall show. It is our
point of view that the charge ordering is determined princi-
pally by the interacting electron system, with the electron-
phonon coupling, apart from the static Jahn-Teller distortion,
merely serving to renormalize the electronic parameters.
We consider the following Hamiltonian which describes
the system of localized t2g spins and the itinerant electrons in
the Jahn-Teller split eg(1) band:
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Thus we have, in addition to a lattice version of the
Anderson-Hasegawa Hamiltonian, a magnetic field and
Coulomb-interaction terms between the itinerant electrons.
The chemical potential m is used to control the number of
electrons, t is the hopping amplitude between nearest-
neighbor sites ^i j&, cis† and cis are, respectively, creation
and annihilation operators for electrons on site i with spin
s , nˆ is5cis
† cis , H is the external magnetic field, Si is the
localized Mn spin, si[ 12(sn(cis† tsncin) is the conduction-
electron spin density with t being the Pauli matrices, JH is
the Hund-rule coupling, Jex,0 is the antiferromagnetic su-
perexchange coupling between the localized spins, and U0
and U1 are, respectively, the on-site and the nearest-neighbor
Hubbard repulsion terms. We set S5 32. From density-
functional studies we estimate19 t.0.15 eV, JHS.0.75 eV,
U0.10 eV, and JS2.8 meV.21 We estimate U1.e2/
(er).0.320.4 eV for these manganites by assuming
e.10 and r.4 Å. It is this term which favors charge-
ordered phases as in the Cullen-Callen model22 for the Ver-
wey transition in magnetite; however, the charge-ordering
phenomenon in the manganites is more complex due to the
coupling between the charge and the spin degrees of free-
dom.
We study the Hamiltonian ~1! in the Hartree approxima-
tion, which is set up most conveniently by using the Gibbs-
Bogoliubov-Peierls variational principle25 for both T50 and
T.0. This yields self-consistency equations for the order
parameters, which we solve numerically. We select the solu-
tion which gives the lowest minimum of variational grand
free energy Vvar . At T50, this is equivalent to minimizing
the variational energy Evar for a fixed filling x . The order
parameters M i[^Si& ~scaled by S), satisfy the self-
consistency equations
ri5BSFbS JexS2(j8 8 M j1JHSmi1gmBHS D G , ~2!
where b[(kBT)21, kB is the Boltzmann constant, the prime
on the sum denotes nearest neighbors of site i , the spin den-
sity mi[^nˆ i"2nˆ i#&, and BS is the Brillouin function. Thecharge densities nis[^nˆ is& are determined self-consistently
from the eigenvectors of the effective mean-field Hamil-
tonian. For the CE structure of Fig. 1 this requires the diago-
nalization of a 32332 matrix for each point in the Brillouin
zone. If H50, there are a total of six order parameters in our
model, viz., M i ,mi , and ni5ni"1ni# , with i5s or
i5d , the two types of sites in Fig. 1 ~for H.0, 12 order
parameters are required!.
At T50 four phases compete: ferromagnetic charge-
ordered ~FO! or charge-nonordered ~FN!, and antiferromag-
netic charge ordered ~AFO! or charge-non-ordered ~AFN!
phases. We show in Fig. 2 how the mean-field energies for
these phases vary with U1 at half filling. The ground state is
determined by the phase with the lowest energy, so that as
seen from the figure at U1 /t.1.9, there is a first-order FN-
AFO transition. This illustrates clearly how the extended-
Hubbard repulsion U1 promotes charge ordering, which
since the charge and the spin degrees of freedom are
coupled, also leads to a magnetic transition. Note that our
estimate of the magnitude of U1 is close to the FN-AFO
transition point in Fig. 2, leading to a natural explanation for
why some of these systems ~e.g., La 0.5Sr 0.5MnO 3) display a
FN phase at x50.5, whereas others ~e.g., La 0.5Ca 0.5MnO 3)
are in the AFO phase. The top and bottom insets in Fig. 2
display, respectively, how the charge-order parameter
d[(nd2ns) and the gap Eg jump from zero, in the FN
phase, to finite values in the AFO phase. At half filling,
FIG. 2. Variation of the energies of the ferromagnetic and anti-
ferromagnetic structures at T50 with the nearest-neighbor Cou-
lomb repulsion U1 at half filling. Parameters used here are
JH50.4 eV, Jex510 meV, U0510 eV, and t50.15 eV. The
double-exchange mechanism always favors the ferromagnetic state.
At larger U1 the AF state wins because the superexchange term
ultimately dominates as the kinetic energy gain by the double-
exchange mechanism is weakened with increasing U1. Insets show
the variation of the charge-order parameter d and the one-particle
gap Eg with U1. Dotted lines in the inset show the same quantities
for the individual ferromagnetic and the AF phases.
2318 56BRIEF REPORTStherefore, we have either a metallic FN or an insulating AFO
phase, separated by a first-order boundary. We can also cross
the AFO-FN transition by applying a weak magnetic field
H , as illustrated in Fig. 3. This field-induced ‘‘melting’’ of
the charge order is in accord with experiments.9,11
The T50 AFO-FN transition is replaced at T.0 by a
first-order AFO-FO transition at x51/2 ~Fig. 4!. Even
FIG. 3. Variation of the energies of the AF and the ferromag-
netic phases indicating the ‘‘melting’’ of the charge-ordered state
into a charge-nonordered state induced by an applied magnetic field
H . This behavior is consistent with the experimental observations in
systems such as Nd 0.5Sr 0.5MnO 3 and Pr 0.5Sr 0.5MnO 3. The varia-
tion of the charge-order parameter and the gap with H are shown in
the inset. Here, U150.285 eV and other parameters are the same as
in Fig. 2, resulting in an AFO state at T50.
FIG. 4. Calculated magnetic phase boundary, for the parameters
of Fig. 3, indicating transition between the AFO and the FO states.
There is a large jump in the charge-order parameter across the
phase boundary with the FO phase having only a small charge
order, d'0.2, as discussed in the text.though we find both phases to be charge ordered, there is a
large jump in the charge-order parameter d in going from the
AFO to the FO phase. For physically reasonable parameters,
the degree of charge ordering in the FO phase is quite small:
In Fig. 4, this jump amounts to d'0.9 in the AFO phase to
about 0.2 in the FO phase. The ferromagnetic moment
M[(M d2M s) is nearly saturated at the transition point.
We find that both d and M rise slightly before the transition.
It would be interesting to check whether such effects are
related to the possible presence of multiple intermediate
phases reported recently.13
The AFO phase in our model exists in a narrow range
near x51/2 and is bounded on both sides by two-phase
~AFO1FO! coexistence regimes, which meet at a point of
equal concentration at T5 TAF!F (.0.03 eV for the param-
eters of Fig. 4!. We shall present details of such phase dia-
grams elsewhere.24 On further increasing T , the degree of
charge ordering in the FO phase increases, until a first-order
FO-FN transition occurs at T.0.2 eV, and, at much higher
temperatures, a continuous FN-PN transition; we believe that
the fluctuations negelected by our mean-field theory should
lower the FN-PN transition temperature substantially. Note
also that experiments are done at a fixed filling; if at some
T the filling x lies in a region of two-phase coexistence,
phase separation should occur and the equilibrium state
should be comprised of two phases, separated by an inter-
face, and with fillings specified by the boundaries of the
coexistence curve at that value of T . Such an equilibrium
state might be hard to obtain in experiments, since dopant-
atom diffusion might be kinetically hindered; furthermore,
data analysis may be complicated by the possible presence of
multiple intermediate phases.13
To obtain correct structures, changes in lattice parameters
at these transitions, or charge-ordered phases interpreted as
polaronic crystals,26 one must of course include other inter-
actions. By virtue of using a single-band model, motivated
by the Jahn-Teller splitting of the eg band, we have implic-
itly accounted for some degree of electron-phonon interac-
tions; clearly a more detailed modeling of these interactions
is required to obtain charge-ordered phases that can be inter-
preted as polaronic crystals. We note that, once charge or-
dering sets in because of the repulsion term U1, it will induce
a Jahn-Teller-type frozen-phonon distortion, i.e., a polaronic
crystal. Also further-neighbor superexchange terms, that
should destabilize other phases like a conventional two-
sublattice antiferromagnet, might well have to be included
to make the CE structure the most stable one near
x51/2. But then one should use a multiband model and per-
haps also different values for in-plane and out-of-plane hop-
ping amplitudes, in view of the in-plane orientation of the
eg
(1) orbital and the orbital ordering.18,19,23 In our study we
have only considered the CE structure ~Fig. 1! for the AFO
phase which is the experimentally observed structure at half
filling.
Our paramagnetic phase is metallic, though in experi-
ments it is insulating ~even away from commensurate fill-
ings!. Clearly disorder effects ~both spin disorder15 and dis-
order arising from doping! must be included to make the
AFO and PN phases insulating at away from half filling;
electron-phonon interactions should also be important.14 We
also note that the H-driven AFO-FN insulator-to-metal tran-
56 2319BRIEF REPORTSsition would obviously be associated with a colossal magne-
toresistance, but this is different from the conventional CMR
associated with the FN-paramagnetic insulator transition.
Our results indicate that, in addition to the double-exchange
and electron-phonon interactions,14 one would have to in-
clude the electron-electron interactions that stabilize the
AFO phase, since it responds so sensitively to a magnetic
field. In summary, then, our study elucidates the competitionbetween charge-ordered and other magnetically ordered
phases in the CMR manganites, bringing out the crucial role
of electron-electron interactions in stabilizing the charge or-
der.
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